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with exonuclease IlIl and S1 nuclease (3) and were then ligated to the M2 epitope (6) and an in-frame stop codon present in the vectors pJM21, pJM22, and pJM23. These vectors have the M2 epitope in three different reading frames with respect to the polylinker. They also contain an in-frame stop codon with respect to the M2 epitope, and this codon is followed by the site for the restriction enzyme Spe I. These constructs were transferred on Eco RI-Spe I fragments from the M2 epitope vectors into a plasmid capable of replication in C. crescentus, pRK29OKS1 (2). There was no effect attributable to the copy number of the plasmid, because the McpA protein derived from the plasmid-borne mcpA gene on pRCH9 (three to five copies per cell) showed a pattern of cell-cycle turnover similar to that of a single chromosomal copy of mcpA (Fig. 1) Fig. 2A) . After 3 days of incubation, most of the cells had lost viability when assayed for CFU (Fig. 1)  and fluoresced green (Fig. 2B) . By day 10, the fraction of surviving cells had once again become elongated (Fig. 2C) . To determine if these cells were undergoing cell division, 10-day-old cultures were treated with the antibiotic aztreonam, which inhibits septation but not cell elongation (10). Long filaments were observed in a 10-day-old, but not a 1-day-old, culture treated with aztreonam (Fig. 2D) , which indicates that cell division was indeed taking place in these cultures.
To determine how the survivors from a 10-day-old (aged) culture behaved when reintroduced into a 1-day-old (young) culture, we mixed cells from both cultures and determined the numbers of each over several days. Cells from young and aged cultures were distinguished by either nalidixic acid (NalR) or streptomycin (SmR) resistance markers. To avoid any possible detrimental effect of the 10-day-old medium on the young culture, a small sample (3 ,ul) from an aged culture of ZK1 26 SmR was mixed with a young culture of ZK126 NalR (3 ml). The mixed culture was incubated for 2 weeks, and we determined the viable counts of each population at various times by plating on appropriate media (Fig. 3A) . In these mixed cultures, cells from the aged culture grew and took over the population, with a concomitant loss of viable cells from the young culture. When cells from young and aged cultures were mixed in equal numbers ( 106 CFU ml-' each) in fresh LB liquid medium, both cell populations saturated at -5 x 109 CFU ml-'. Again, cells from the young culture lost viability whereas cells from the aged culture survived (Fig. 3B) . Thus cells from aged E. coli cultures had a competitive advantage in stationary phase because they could both grow and cause the death of cells from a young culture. This phenotype was observed regardless of which population carried the NalR or SmR marker, which indicates that this phenomenon is not due to the presence of a particular antibiotic resistance marker. A strain that lacks any antibiotic resistance marker gave similar results (12). This phenotype was expressed only in stationary phase and did not affect exponentially growing cells (Fig.  3B) . When cells from two young cultures were mixed, the cells in the minority did not grow and often died out slowly (Fig. 3C) .
One possible explanation for the death of cells from the young culture could be that the cells from the aged culture release a stable toxic product or an antibacterial agent that accumulates in stationary phase. However, this hypothesis was disproved because cells from a young culture that were resuspended in filter-sterilized medium from a 10-day-old culture remained viable. Alternatively, death of the young culture cells could result indirectly from competition with cells better able to survive under these particular starvation conditions. After repeated cycles of exponential growth in liquid or solid medium, cells from aged cultures could still take over those from young cultures (13). We obtained several strains that always expressed the phenotype by isolating cells directly from aged cultures or after they had been mixed with and taken over the young population in mixed cultures. This stable inheritance suggests that the phenotype was due to a mutation or mutations and not to a reversible physiological adaptation.
Because rpoS participates in regulating stationary phase phenomena, we tested the strains with a growth advantage in stationary phase for mutations in that gene. One of the genes in the as regulon is katE, which encodes the enryme hydrogen peroxidase II (HPII) (6 many, but not all, displayed an intermediate bubbling phenotype, which suggests the presence of a mutation in rpoS.
Genetic mapping experiments with P1 transduction showed that the linkage between several mutations that result in reduced bubbling and cysC was similar to that between rpoS and cysC [45% cotransducible (14)]. The mutations also led to a reduction in the expression during stationary phase of the rpoS-dependent bolA::lacZ fusion (14). These results were all consistent with the hypothesis that many strains that expressed the stationary phase growth advantage phenotype harbored a mutation in rpoS. The location of one such rpoS mutation (designated with the allele number rpoS819) was confirmed by marker rescue with a fragment that contained the 3' half of the rpoS gene and by DNA sequencing.
The wild-type rpoS and rpoS819 alleles were cloned and sequenced (15), revealing a 46-base pair duplication at the 3' end of the rpoS819 gene (16). The mutant and wild-type proteins are identical up to four amino acids from the end. At this point the duplication in the rpoS819 gene causes a frame shift that replaces the final four amino acids with 39 new residues (Fig. 4) . The additional amino acids lie close to the helix that is thought to recognize the "-35" region of promoters (17). Polymerase chain reaction amplification of the 3' region of mutated rpoS alleles from different strains revealed that not all of these putative mutations have the same sequence change (18).
To determine whether the rpoS mutation alone caused the growth advantage phenotype, we transduced the rpoS819 allele, by way of its linkage to cysC, from a strain expressing the phenotype into wild-type cells. We determined the presence of the rpos819 allele by assaying for bubbling of cells upon treatment with H202. The resulting strain was grown and, after 1 day in stationary phase, tested by mixture both as a minority in a stationary phase culture (Fig.  3D) or in equal numbers in fresh medium  (Fig. 3E) with cells bearing the wild- Having determined that transduction of certain rpoS mutant alleles into wild-type cells confers a growth advantage in stationary phase over unchanged wild-type cells, we tested whether additional mutations could confer a similar growth advantage over cells that contained the mutant rpoS alleles. Cells from young and aged cultures of rpoS819 strains were mixed and cells from aged cultures again grew and caused the death of the young culture (Fig. 3F) . This second cycle of aging led to a growth advantage in stationary phase that resulted from a second, unlinked mutation. This mutation requires the presence of the rpoS819 allele to express its growth advantage phenotype. We 
